Vectors derived from the autonomous parvovirus Minute virus of mice, MVM(p), are promising tools for the gene therapy of cancer. The validation of their in vivo anti-tumour effect is, however, hampered by the difficulty to produce high-titre stocks. In an attempt to increase vector titres, host cells were subjected to low oxygen tension (hypoxia). It has been shown that a number of viruses are produced at higher titres under these conditions. This is the case, among others, for another member of the family Parvoviridae, the erythrovirus B19 virus. Hypoxia stabilizes a hypoxia-inducible transcription factor (HIF-1a) that interacts with a 'hypoxia-responsive element' (HRE), the consensus sequence of which ( A / G CGTG) is present in the B19 and MVM promoters. Whilst the native P4 promoter was induced weakly in hypoxia, vector production was reduced dramatically, and adding HRE elements to the P4 promoter of the vector did not alleviate this reduction. Hypoxia has many effects on cell metabolism. Therefore, even if the P4 promoter is activated, the cellular factors that are required for the completion of the parvoviral life cycle may not be expressed.
The parvovirus Minute virus of mice, MVM(p), replicates preferentially in oncogenic-transformed cells, where it completes a lytic life cycle (Rommelaere & Cornelis, 1991) . This property is exploited in gene-therapy vectors derived from autonomous parvoviruses (Russell et al., 1992; Cornelis et al., 2004) . The MVM(p) genome is composed of two transcription units, encoding two sets of viral proteins, NS (non-structural) and VP (capsid), under the control of the P4 and P38 promoters, respectively (Cotmore et al., 1983) . The non-structural protein NS1 plays an important role in viral DNA replication (Nüesch et al., 1998) , is toxic in transformed cells (Caillet-Fauquet et al., 1990) and is required for transactivation of the P38 promoter, which is otherwise only expressed at a very low basal level (Rhode, 1985) .
The mechanisms underlying the preferential expression of MVM(p) in transformed cells are only poorly understood, but it is at least in part linked to the upregulation of the P4 promoter in these cells compared with normal cells. We therefore wanted to determine whether P4 activity could be further enhanced and whether this could improve vector production. We have explored the possibility of producing MVM vectors under low oxygen tension (hypoxia). Gene expression and production of the human erythrovirus B19 virus are increased under these conditions (Caillet-Fauquet et al., 2004; Pillet et al., 2004) . Regulation of promoter activity in hypoxia occurs through the interaction of the transcriptional regulator hypoxia-inducible factor (HIF-1) with a 'hypoxia-responsive element' (HRE) (Semenza, 2001) . The MVM(p) promoter contains four putative HREs (consensus sequence A / G CGTG), two in each of the sense and antisense orientations.
The presence of the HRE in the promoter region is necessary, but not sufficient, for promoter regulation. Other cellular elements are probably involved in this regulation and the effect of hypoxia must be determined for each virushost-cell combination (Ebbesen & Zachar, 1998) . Replication of some viruses, such as human immunodeficiency virus (Polonis et al., 1991) , Sendai virus (Ebbesen et al., 1991) and Kaposi's sarcoma-associated herpesvirus (Davis et al., 2001) , is increased in hypoxia. Production of other viruses, like Simian virus 40 (SV40) (Riedinger et al., 1999) A supplementary figure showing expression of HIF-1a in NEB cells after treatment with CoCl 2 or hypoxia is available in JGV Online. and adenovirus (Pipiya et al., 2005; Shen & Hermiston, 2005) , on the other hand, is reduced. The addition of HRE sequences to hypoxia-insensitive promoters leads to an increase of gene expression in hypoxia (Shibata et al., 2000; Ruan et al., 2001; Jeong et al., 2005; Wang et al., 2005) .
HIF-1 is a heterodimer between HIF-1a and HIF-1b, the former being stabilized in hypoxia. The presence of Co ions in the culture medium also stabilizes HIF-1a, thus mimicking the effect of hypoxia (Wang & Semenza, 1995) .
Vectors derived from MVM(p) retain the NS transcription unit; the transgene is substituted for capsid-encoding sequences under the control of the viral P38 promoter (Russell et al., 1992; Clément et al., 2002) . We have investigated the effect of low oxygen tension and CoCl 2 on the activity of the P4 promoter and vector production.
The presence of four HRE consensus sequenes ( A / G CGTG) in the P4 promoter of MVM (Fig. 1d) could allow for the modulation of its activity by hypoxia. An upregulation of P4 would lead to a higher expression of the non-structural protein NS1, leading to increased DNA amplification and expression of capsid proteins in wild-type virus or transgene expression in vectors, following transactivation of the late promoter P38. P4 activity was monitored in three cell lines, human NBE (new-born kidney) and 293T (derived from HEK293) and simian COS-7, that have all been used for the production of vectors derived from MVM(p) (Brandenburger & Velu, 2004) . Cells were transfected by FuGENE 6 (Roche) with the reporter plasmid pP4-luc, which expresses the firefly luciferase under control of the early parvoviral P4 promoter. Four hours after transfection, medium was replaced and cells were incubated for 24 h either in a chamber containing 20 % O 2 and 5 % CO 2 (normoxic conditions) or in an Anoxomat Mart 8000 anaerobic chamber filled with a gas mixture containing 5 % CO 2 , 89 % N 2 and 6 % O 2 (hypoxic conditions). A control plasmid, pGL3-luc, was transfected in parallel. This plasmid expresses luciferase from the SV40 promoter, which has been shown to be insensitive to oxygen tension (Wang et al., 2005) . Luciferase activity was measured in cell lysates with the luciferase assay system (Promega). P4 activity was upregulated under hypoxia in NBE (2?5-fold) and COS-7 (3?7-fold) cells, but not in 293T cells (Fig. 1a) . The latter cells were very sensitive to reduced oxygen tension and showed an important lethality in hypoxia. Growth of NBE and COS-7 cells was not affected significantly in hypoxia over a period of 4 days (results not shown). Further decreasing oxygen tension to 1 % in NBE and COS-7 cells did not increase P4 promoter activity [ Fig. 1a and results not shown (COS-7)]. P4 activity was upregulated similarly in NBE cells in the presence of Co ions (Fig. 1b, c) . At high CoCl 2 concentrations (above 200 mM), P4 activity was further increased, especially after a 48 h treatment (Fig. 1c) , but these concentrations were cytotoxic (results not shown). P4 could be upregulated via HIF-1 because HIF-1a was stabilized following growth of NBE cells both in the presence of CoCl 2 and in hypoxia at days 1 and 2 (results not shown). For the detection of HIF-1a, cell extracts were prepared 24 or 48 h after treatment in hypoxia or CoCl 2 in the presence of protease and phosphatase inhibitors (Mottet et al., 2003) .
To evaluate the activity of the P4 promoter in the sequence environment of a vector, we checked the expression of the viral NS1 protein from the MVM-IL2 vector pORIGEN (Clément et al., 2002) . No significant induction of NS1 could be observed by Western blotting after a 24 or 48 h treatment in hypoxia (results not shown). The effect of Co ions on overall NS1 expression was ambiguous, but it seems that, at high concentrations of CoCl 2 , phosphorylation of NS1 is reduced (results not shown). Our results indicate that the P4 promoter is induced only weakly in hypoxia. The induction is detected by the very sensitive luciferase assay, but is more difficult to reveal by Western blotting of NS1. A weak induction of P4 activity could be sufficient to boost MVM vector production. For the erythrovirus B19 virus, a weak upregulation of the viral promoter (threefold) was concomitant with a sevenfold increase in particle production (Pillet et al., 2004) . Moreover, although the B19 promoter only contains one HRE consensus sequence compared with four in MVM P4, viral amplification is largely facilitated in hypoxia (6 % O 2 ) (Caillet-Fauquet et al., 2004) .
To test vector production, NBE and COS-7 cells were cotransfected with a plasmid carrying the MVM-IL2 vector and a threefold molar excess of the helper pP38-VP, which expresses capsid proteins under the control of the natural P38 promoter. Cells were incubated for the indicated periods in hypoxia or in the presence of CoCl 2 (Fig. 2) . Vector titres were determined by an ELISPOT assay and are expressed as transducing units (t.u.) (Cheong et al., 2003) . A slight increase in vector production was observed (two-to threefold) at day 1 after transfection in hypoxia (6 % O 2 ), but titres remained lower than those produced in standard conditions (day 3, 20 % O 2 ). At days 2 and 3 after transfection, vector production decreased in hypoxia in both cell lines [ Fig. 2a and results not shown (COS-7)]. It could be that cellular factors that are required for MVM amplification become limiting at longer incubation periods in hypoxia. We therefore tried to boost vector amplification by a short incubation in hypoxia (6 % O 2 ), followed by incubation at normal oxygen tension. Induction of HIF-1a is indeed reversed rapidly upon return to normal oxygen tension (Huang et al., 1996) . The return to 20 % O 2 24 h after transfection alleviated the decrease in vector production observed at days 2 and 3, but overall vector production was not increased compared with continuous incubation in normoxia (Fig. 2b) . At 400 mM CoCl 2 , a significant decrease in vector production was observed, but this is probably related to the toxicity of CoCl 2 at this high concentration (Fig. 2c) . Different concentrations of CoCl 2 within the non-toxic range (up to 200 mM) did not increase vector yield at day 3 after transfection ( Fig. 2d) .
Hypoxia could induce subtle changes in the phosphorylation pattern of NS1, thus affecting the viral life cycle. It is known that the different functions of NS1 are regulated by post-transcriptional modifications and in particular by changes in the phosphorylation pattern during the infection cycle of MVM (Nüesch et al., 1998) . At the level of the NS1 protein, the effect of hypoxia on vector production could depend upon the balance of the two effects, increased expression of NS1 and reduced phosphorylation. This hypothesis does not exclude the possibility that other cellular factors involved in virus production are modulated by hypoxia at the level of promoter activity and/or post-transcriptional modification. The changes in NS1 phosphorylation could affect DNA amplification and/or transactivation of the P38 promoter and therefore capsid-protein synthesis. No difference in DNA amplification was observed at days 2 and 3 after transfection of vector DNA and growth in hypoxic (6 % O 2 ; 25, 50, 100 and 200 mM CoCl 2 ) compared with normal conditions (results not shown).
To check whether the decrease in vector production could be due to a limiting production of capsid proteins in hypoxia, we have measured the basal and transactivated activities of P38 in the absence and presence of NS1. P38 contains one consensus HRE sequence in the reverse orientation (Fig. 3b) . A plasmid carrying the reporter cassette P38-luc was transfected alone or co-transfected with a plasmid that expresses the transactivator NS1 under the control of the hypoxia-insensitive SV40 promoter, pPSV40-NS. The basal activity of P38 increased by about 100-fold in hypoxia, whereas the transactivated level hardly changed (1?3-fold increase) (Fig. 3a) . Although transactivation was about 60-fold weaker at 6 % O 2 tension compared with 20 %, the absolute amount of protein expressed was equivalent at both concentrations (Fig. 3a ). An effect of hypoxia on P38 activity therefore cannot account for the decreased vector production in hypoxia. In keeping with this, substituting the pPSV40-VP helper plasmid, in which capsid proteins are expressed under the control of the SV40 promoter, for pP38-VP did not alleviate the decrease observed at days 2 and 3 (results not shown).
Finally, in an attempt to improve P4 upregulation, we added several HRE sequences upstream of the promoter. It has indeed been shown in several systems that the addition of HRE sequences could increase promoter activity in hypoxia (Shibata et al., 2000; Ruan et al., 2001; Jeong et al., 2005; Wang et al., 2005) . Stretches of three HRE sequences were inserted as one, two or three copies into the PmeI (135) restriction site, in front of the P4 promoter, in the MVM-IL2 vector. These modifications reduced vector production dramatically so that, in several experiments, it became undetectable (results not shown).
MVM(p), like other autonomous parvoviruses, is expressed preferentially in transformed cells and displays an oncotropic behaviour in vivo. The first autonomous parvovirus, H1, was indeed isolated from tumour material (Rommelaere & Cornelis, 1991) . We therefore anticipated that its production could be increased under hypoxic conditions, which are prevalent in tumours (Menon & Fraker, 2005) . Moreover, increased expression and amplification have been shown for the human erythrovirus B19 virus (Caillet-Fauquet et al., 2004; Pillet et al., 2004) . As opposed to what had been suggested by Pillet & Le Guyader (2005) , the production of vectors based on the parvovirus MVM(p) was reduced in hypoxia compared with 20 % O 2 tension. It is difficult to ascertain which step of the viral life cycle is blocked in hypoxia, as the mechanisms governing MVM amplification are not yet fully elucidated. 
